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Abstract

Single-walled carbon nanotubes (SWCNTS) are newly discovered material of crystalline carbon
that forms single-carbon layer cylinders with nanometer diameters and varying lengths. Although
SWCNTs are potentially suitable for a range of novel applications, their extremely small size,
fiber-like shape, large surface area, and unique surface chemistry raise potential hazard to humans,
including lung toxicity and fibrosis. The molecular mechanisms by which SWCNTSs cause lung
damage remain elusive. Here we show that SWCNTSs dose and time-dependently caused toxicity
in cultured human bronchial epithelial (BEAS-2B), alveolar epithelial (A549), and lung fibroblast
(WI138) cells. At molecular levels, SWCNTSs induced significant mitochondrial depolarization and
ROS production at subtoxic doses. SWCNTSs stimulated the secretion of proinflammatory
cytokines and chemokines TNFa, IL-1p, IL-6, IL-10 and MCP1 from macrophages (Raw 264.7),
which was attributed to the activation of the canonical signaling pathway of NF-xB by SWCNT.
Finally, SWCNTSs stimulated profibrogenic growth factors TGFp1 production and fibroblast-to-
myofibroblast-transformation. These results indicate that SWCNTSs has a potential to induce
human lung damage and fibrosis by damaging mitochondria, generating ROS, and stimulating
production of proinflammatory and profibrogenic cytokines and growth factors.
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Introduction

Single-walled carbon nanotubes (SWCNTS) are molecular-scale tubes of graphitic carbon
with unique electrical, chemical, and physical properties [1]. These cylindrical carbon
molecules are valuable for nanotechnology, electronics, optics and other fields of materials
science and technology. Conversely, the extremely small size (nano scale in diameter) and
fiber-like shape of SWCNTs makes them easily became airborne and inhaled into the human
lung. The high length-to-width ratio and large surface area may lead to toxic effect similar to
those of asbestos fibers (mesothelioma) and silica (interstitial fibrosis) [2,3]. Evaluating the
safety of SWCNTSs and other nano materials in humans would help avoid the potential
harms of exposing SWCNTSs to workers and general population [4].

Human toxicity data concerning SWCNTSs are scarce, whereas animal data are limited, and
in some cases, contradictory, partly due to the fact that many parameters of SWCNTSs, such
as structure, size distribution, surface area, surface chemistry, charge, agglomeration state,
and purity considerably affect the reactivity of carbon nanotubes with the human body.
Nevertheless, current data indicated that carbon nanotubes (CNTS) including SWCNTS can
enter human cells causing cell death, penetrate tissue structures to migrate and cause lesions
in remote area, and induce fibrotic reactions resulting in fibrosis or mesothelioma in the
lungs [5-11]. The molecular mechanism involved in the toxicities of SWCNT has not been
addressed.

Although many fibrogenic particles and fibers, such as asbestos fibers and silica, cause
profound fibrotic responses in the lungs of humans and animals, these materials do not
appear to damage lung cells directly. Instead, they may stimulate lung epithelial, fibroblast,
and macrophage cells to produce various substances that in turn induce lung lesions and
fibrotic reactions. One potential culprit is reactive oxygen species (ROS). Particles and
fibers may stimulate the production of ROS via three mechanisms: (a) activated
macrophages and neutrophiles produce large amounts of ROS and other radicals from their
respiratory burst during phagocytosis; (b) the agents damage the mitochondria to increase
ROS production-mitochondria are the major organelle for oxygen consumption and ROS
production under normal and many pathological conditions in mammalian cells; and (c) the
surface chemistry of many particles and fibers promote ROS production [12]. Whether
SWCNTSs induce ROS production as a mechanism of fibrosis is currently uncertain.

NFxB is a family of transcription factors that plays critical roles in inflammation, immune
response, apoptosis, and cell proliferation [13,14]. A large number of diverse external
stimuli, such as infection, UV light, ROS, and cytokines lead to activation of NF-xB [15]. In
unstimulated cells, NF-xB is bound with its inhibitory protein (IxB) and retained in the
cytoplasm. Upon stimulation, 1B was phosphorylated and degradated by proteasomes, and
thereby release NF-«xB from its inhibitor protein, results in the nuclei translocation of NF-xB
and where it binds to specific sequences in the promoter regions of target genes. The
activation of NF-«xB therefore leads to a coordinated increase in the expression of many
genes whose products mediate inflammatory, immune, and fibrotic responses. Among the
proinflammatory and profibrogenic cytokines and growth factors induced through the NF-
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kB pathway during inflammation and fibrosis are TNFa, IL-1 B, IL-6, MCP1, and TGF B1.
Whether SWCNTSs activate the NF-xB pathway to influence the toxicity of SWCNTSs is
unclear at the present.

Mild or appropriate inflammatory response will help tissue repairing, while extensive and
persistent activation of inflammatory response in pulmonary will induce aberrant matrix
production in interstitial and cause lung fibrosis [16]. Lung fibrosis is a progressive,
irreversible and usually fatal end stage condition of various lung diseases. Many factors
associate with lung fibrosis. TGFB1 has been considered as a critic potent regulator of extra
cellular matrix formation and tissue remodeling [17]. Patient with idiopathic pulmonary
fibrosis and some animal models of pulmonary fibrosis have shown increased lung TGFB1
production [18]. Bleomycin, an anticancer drug and potent fibrogenic agent in humans,
induces lung fribroblast cell differentiated into myofibroblast cells, characterized by a-
smooth muscle actin (a-SMA) expression, is associated with increased expression of TGF31
[19]. The potential effect of SWCNTSs on TGFB1 expression and a myofibroblast function
has not been addressed.

This study was conducted to identify toxicities of SWCNTSs in vitro and their molecular
mechanism of action. We tested the ROS generation and mitochondrial membrane potential
in the contribution of SWCNT-induced cell toxicity, and investigated cytokine release,
activation of the NF-xB pathway, and the fibrogenic factor TGFpB1 in the process of lung
fibrosis. The purpose of the study are 1) evaluate the toxicity of SWCNTSs and identify the
molecular mechanism of action of SWCNTS; and 2) establish a simple and quick molecular
mechanism based toxicity assessment method which can be used for high throughput
screening for inflammatory/fibrogenic toxicants in vitro.

Materials and Methods

Materials

SWCNTSs (2nmx2um, purity>90%) was purchased from Sigma-Aldrich (Milwaukee, WI). A
patented process that involves the decomposition of carbon monoxide over a Co-MgO
catalyst at about 600°C produces SWCNTSs. The material is then treated in diluted
hydrochloric acid to remove of the catalyst and other metals.

Dispersion of SWCNTs

Two mg of SWCNTs were dispersed into 1 ml of the cell culture medium supplemented
with 1% fetal bovine serum (FBS). The solution was mixed by vortexing for 3 times, 2 min
each, followed by sonication in a tissue culture hood using a sterile sonicating probe for 3
times, 30 sec each. The 2 mg/ml stock solution was then diluted with the culture medium to
appropriate concentrations and was sonicated as described above just before the experiment.

High Resolution Transmission Electron Microscopy (HRTEM)

SWCNTSs were dissolved into ethanol with sonication. The samples were deposited on a 200
mesh copper TEM grid with lacy carbon film. The grid was examined using the JEOL 2100
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F STEM at an accelerating voltage of 200 keV. Images were obtained at various
magnifications in a bright field TEM mode.

BEAS-2B, a human normal bronchial epithelial cell line transformed with SV40, was
cultured with a BMEM medium along with all the additives from Lonza/Clonetics
Corporation (Walkersville, MD). A549, a human lung carcinoma epithelial cell line, was
cultured with the DMEM medium with 10% FBS. WI38-VA13, a human normal lung
fibroblast cell line, was cultured in the aMEM medium with 10% FBS. RAW 264.7, a
mouse leukemic monocyte-macrophage cell line, was grown as a monolayer in the
Dulbecco’s modified Eagle’s medium with 10% FBS. All above cell lines were purchased
from American Type Culture Collection (ATCC, Manassas, VA).

Endotoxin detection

SWCNTSs were prepared as suspension in water at a concentration of 2 mg/ml. The
suspension was rocked on a platform for 24 h at room temperature. Samples were
centrifuged for 10 min and supernatants were collected and filtered to remove remaining
particles. Detection of endotoxin was performed by using the Toxin Sensor Chromogenic
limulus amebocyte lysate assay kit according to the manufacturer’s instructions (GenScript,
Piscataway, NJ).

Cytotoxicity assay (MTT based assay)

The CellTiter 96 AQueous One Solution Cell Proliferation Assay kit (Promega, Madison,
WI) was used to examine cell proliferation/ cytotoxicity. About 1x10° cells were seeded in
96-well plates for overnight. Cells were treated with SWCNTSs by replacing the medium
with 100 ul of the fresh medium containing varying concentrations of SWCNTs for 1, 2, and
4 days. Twenty pl of the Cell Titer 96 AQueuos One Solution Reagent was added to each
well. The plates were incubated for 3 h at 37°C in a humidified incubator with 5% CO .
Absorbance at 490 nm was recorded by using a 96-well plate reader. Parallel wells with no
cells but having the medium containing SWCNTS at the same concentration as treated wells
were used as the reference control for SWCNTSs. Mean absorbance was calculated from
three replicates of each exposure and subtracted from blank controls.

Reporter assay

Raw 264.7 cells stably transfected with a NF-xB binding site /Luc reporter construct was
described previously [20]. Cells were treated with SWCNTSs for 16 h as indicated in the
figure legend. The cells were lysed with the passive reporter lysis buffer (Promega,
Madison, WI) and cell lysates were vortexed and centrifuged briefly to remove cell debris.
20 pl of supernatant were mixed with 100 pl of the luciferase reagent (Promega). Luciferase
activities were detected by using TD 20/20 luminometer (Agilent Technologies, Santa Clara,
CA) and were normalized with protein concentrations.
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Immunoblotting

Cells were lysed on ice with the RIPA buffer containing protease and phosphatase inhibitors
for 30 min. Cell lysate was sonicated briefly and was centrifuged at 14,000xg for 20 min to
remove cell debris. Cell lysate (10-20 pg) was fractionated by 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), transferred to polyviinglidene difluoride
(PVDF) membranes (Bio-Rad), and blocked with 5% nonfat milk in PBST (PBS plus 0.05%
Tween-20). The membrane was blotted with primary antibody at 4°C for overnight with
shaking, followed by incubation with horseradish peroxidase-conjugated second antibodies
for 1 h at room temperature. Protein bands were visualized using enhanced
chemiluminescence detection reagents from Amersham Biosciences (Pisctaway, NJ). Actin
was blotted as loading control.

Detection of cytokines

Mouse macrophage RAW 264.7 cells were treated with SWCNTSs for 16 h or LPS (1 ug/ml)
for 5 h. Cell culture supernatant was collected and stored at —80°C until use. Cytokines and
chemokines were detected by using a mouse cytometric bead array kit and Flex beads (BD
biosciences, San Jose, CA) and flow cytometry according to manufacturer’s instruction.

ROS detection

Cells were cultured in an 8-well chamber slide and treated with SWCNTSs for 16 h. Thirty
minutes prior to the end of treatment; dihydroethium (hydroethidine or DHE, Invitrogen,
CA) was added at 5 uM as a fluorescent indicator of ROS. Cells were washed with ice cold
PBS for three times to remove free dye. Cells were then fixed with 4% paraformaldehyde
and mounted with mounting solution containing DAPI for counterstaining the nucleus.
Images were collected with Zeiss LSM510 confocal microscope using Rhodamin-DAPI
setting. Micrographs were taken with fixed exposure times. Fluorescence intensity was
quantitated using the Optimus Version 6.51 softer ware (Media Cybernetics, Silver Springs,
MD). Quantitative data represent means and SDs from five separate fields for each
treatment.

Mitochondrial membrane potential

Tetramethylrodamine ester (TMRE, Sigma) and Mitotrack deep red 633 (Invitrogen) are
fluorescent probes that specifically accumulate in the mitochondrial matrix in a
mitochondrial-inner-membrane-potential-dependent manner. Cells were cultured in an 8-
well chamber slide (for confocal microscopy) or 6-well plate (for flow cytometry) and were
treated with SWCNTSs for 16 h. Forty-five minutes prior to the end of each treatment, 50 nM
TMRE and 1 pM Mitotrack deep red 633 were added to the culture medium. Cells were
washed three times with ice cold PBS. For confocal microscopy, cells were fixed with 4%
paraformaldehyde in the chamber slides and were mounted with mounting solution
containing DAPI to counterstaining the nucleus. Images were taken with a Zeiss LSM510
confocal microscope. For flow cytometry, cells were collected to analyze the fluorescence
intensity immediately at 585nm (FL-2) and 670 nm (FL-3) channels of a FACSCalibur.
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Immunofluorescent staining

Cells grown in an 8-well chamber slide were treated with SWCNTSs for 16 h. Cells were
fixed with 4% paraformaldehyde and permibilized with 0.5% triton X-100. Cells were
stained with anti NF-xBp65 antibody (Santa Cruz Biotechnology Inc. Santa Cruz, CA) at a
1:1000 in the culture medium containing 1% FBS for 2 h. The cells were washed three times
with PBS. An Alexia 488-conjugated second antibody was diluted at a 1:500 dilution in the
culture medium with 1% FBS and incubated with cells for 1 h avoiding light. After washing
with PBS for three times, the cells were mounted with mounting solution containing DAPI.
Images were taken with a Zeiss LSM510 confocal microscope. For detection of fibroblast-
to-myofibroblast transformation, RAW?264.7 macrophages were treated with SWCNTSs for
16 h or LPS for 5 h. The cell culture condition medium was collected and centrifuged to
remove remaining cells, debris, and SWCNTSs. The cell and SWCNT-free medium was
designed as SWCNT-conditioned medium. Human lung fibroblast W138-VA13 cells grown
in 8-well chamber slides were cultured with the SWCNT-conditioned medium for 24 h. The
cells were then fixed, permeated, and stained with anti-aSMA antibody (Sigma-Aldrich) for
overnight at 4°C, followed by Alexia-488 conjugated second antibody for 1 h at room
temperature. The nucleus was counterstained with DAPI. Fluorescent images were taken
with a Zeiss LSM510 confocal microscope.

Reveres transcription PCR

Cells were treated with SWCNTSs at 10 pg/ml for 24. IL-1f (Sino Biological Inc) at 5 ng/ ml
for 24 h was used as positive control. Total RNA was isolated using Qiagen RNA mini kit.
Five ug of total RNA was reverse transcripted into cDNA using reverse transcriptase 111
(Invitrogen). TGFP1 cDNA was then amplified with gene specific primers (primer
sequences are available upon request). GAPDH was used as an internal control.

ELISA for NF-xB DNA binding

Results

Cells were treated with SWCNTSs for 20 pg/ml for 16 h or LPS at 1ug/ml for 5 h. Nuclear
extracts were prepared by using the Nuclei EZ PREP reagents from Sigma. 10 pg of nuclear
lysates were added to an ELISA plate pre-coated with NF-xB - binding-site dSDNA. Bound
NF-kB proteins were detected with an anti-NF-xBp 65 antibody following the instructions
from Cayman (Ann Arbor, MI).

Characterization of SWCNTs

The SWCNTSs used in this study have a purity of large than 90% on carbon basis by X-ray
diffraction. Independent laboratory tests further verified the quality of this material. High-
resolution transmission electron microscopy (HRTEM) revealed the distinctive crystalline
structure of a bundle of SWCNTSs with each tube diameter around 2 nm and purity large than
90% (Figure 1). Elemental analyses indicated that the material contains trace amounts
(ng/mg sample) of calcium 13.9, cobalt 4.3, chromium 4.8, magnesium 1.9, zinc 1.47,
molybdenum 0.65, and manganese 0.19, with total metal contaminants of about 4.5%.
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Endotoxin contamination of the SWCNTSs was determined to be below the level of detection
(maximum sensitivity of assay was 0.005 EU/m).

To disperse SWCNTSs into solution, 2 mg of SWCNTSs was suspended in PBS, a dispersal
medium (DM) [21], or a culture medium with 1% FBS, respectively. Agglomeration status
of SWCNTSs was analyzed by TEM. Large agglomerates of SWCNTSs were found in the PBS
suspension, whereas SWCNTSs suspended in the DM or the 1% FBS culture medium were
well dispersed (data was not shown). Since the culture medium with 1% FBS is compatible
with the cell culture conditions, SWCNTSs dispersed in a culture medium with 1% FBS were
used for all the following experiments.

Cytotoxicity, ROS production, and mitochondrial damage

Bronchial epithelial, alveolar epithelial and interstitial fibroblast cells are first lines of cells
to encounter inhaled stimuli. We first characterized the overall toxicity of SWCNT in human
normal bronchial epithelial BEAS-2B cells, human lung alveolar epithelial A549 cells, and
human lung fibroblast W1-38-VA13 cells. A modified MTT assay was used to measure cell
death and proliferation. Parallel controls using the culture medium containing the same
concentrations of SWCNTSs as the treatment groups but no cells were used as reference to
correct for light absorption from SWCNTSs. As shown in Figure 2A-C, the three human lung
cell lines exhibited varying, dose and time-dependant responses to SWCNTs. BEAS-2B is
the most sensitive: with the 2 pg/ml SWCNTS treatment, 82% of the cells survived after 1
day of treatment and ~80% survived after 4 days; at 200 pg/ml, only 12.5% cells survived
after 1 day and no cells survived after 4 days; the 20 pg/ ml treatment caused toxicities in the
middle range between 2 and 200 ug/ml (Figure 2A). A549 cells were resistant to SWCNTS:
after 4 days, cells survival was more than 90, 80, and 60% for 2, 20, and 200 pg/ml
treatments, respectively (Figure 2B). The toxicity of SWCNTSs in WI38-VA13 cells was less
severe than in BEAS-2B similarly to that in A549 cells (Figure 2C).

Inducing cellular oxidative stress is a major cause of cell toxicity by fibers and particles,
even though many of them do not appear to generate ROS in vitro [22,23]. We examined
whether ROS production is a potential mechanism of cell toxicity by SWCNTSs. Fluorescent
staining experiments using a ROS-sensitive probe DHE revealed that exposure to SWCNTs
at 20 pg/ml for 16 h induced production of ROS in all of the three cell lines, among which
more ROS was generated in BEAS-2B cells than in A549 and WI38-VVA13 cells (Figure
2D).

The mitochondria are a principal site for generation of ATP as well as ROS. Disturbing
mitochondrial ROS has been link with many pathology lesions and chemical toxicities.
Therefore, we examined mitochondrial damage as a potential mechanism of SWCNT-
induced ROS production. TMRE and mitotrack deep red are fluorescent probes that
specifically accumulate in the mitochondrial matrix in a mitochondrial-inner-membrane-
potential-dependant manner. Using confocal microscopy, we found that both probes
accumulated in the mitochondria in vehicle-treated cells, but accumulation was largely
diminished by treatment with SWCNTSs (Figure 3A). Quantitative data from flow cytometry
confirmed a significant reduction of TMRE or mitotrack deep red fluorescence in SWCNT-
treated cells (Figures 3B and 3C). These results indicate that SWCNTSs caused substantial

J Clin Toxicol. Author manuscript; available in PMC 2015 December 21.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

He et al. Page 8

loss of the electric potential across the inner membrane of the mitochondria resulting in
diffusion of the probes in the cells. Together, the findings suggest that SWCNTs damage the
mitochondria to increase ROS production and thereby, cause toxicity in lung cells.

Induction of proinflammatory cytokines and chemokines through NF-xB signaling

Production of proinflammatory cytokines and chemokines from macrophage and lung
epithelial cells is an important step of pulmonary response to environmental stimuli. To test
whether SWCNTSs induce cytokine production, RAW 264.7, a widely used mouse
mononuclear/ macrophage cell line, was treated with 2 or 20 pg/ml SWCNTSs for 16 h. A
panel of representative cytokines and chemokines were detected by using the cytometric
beads array and Flex beads. TNFa, a multifunctional cytokine involved in systemic
inflammation, was increased in the culture medium of SWCNT-treated cells dose-
dependently (Figure 4A). IL-1p is a pro-inflammatory cytokine and was significantly
increased at 2 and 20 pg/ml treatments (Figure 4B). IL-6, a proinflammatory cytokine that
stimulates immune response to damaged tissues was significantly increased at 2 and 20
ug/ml (Figure 4C). MCP1, a monocyte chemoattractant of the CC chemokine family, was
induced at both 2 and 20 pg/ml (Figure 4D). IL-10 is an anti-inflammatory cytokine that
blocks NF-xB signaling and inhibits the production of proinflammatory cytokines, was
induced strongly by LPS and SWCNTSs (Figure 4E). IFN-y, a cytokine critical for innate and
adaptive immunity against viruses, intracellular bacteria, and tumor cells, was not
significantly affected by LPS or SWCNTSs (Data not show). IL-12, an interleukin that is
naturally produced by dendritic cells in response to antigenic stimulation, was not
significantly changed by either LPS or SWCNT treatment (data not show). Therefore,
SWCNTs directly induce proinflammatory cytokines and chemokines including TNFa,
IL-1pB, IL-6, IL-10, and MCP1 to mediate inflammatory response.

NF-xB is a pivotal factor in the control of proinflammatory cytokine expression and can be
activated by many stimuli. We examined whether SWCNTSs activate the NF-xB pathway as
a molecular mechanism for induction of the cytokines. Macrophages stably transfected with
a synthetic 5x NF-kB binding site/luc reporter plasmid construct were treated with SWCNTSs
for 16 h. SWCNTSs induced strongly the expression of the reporter luciferase (Figure 5A).
This result indicates that SWCNTSs could activate NF-xB promoter for gene transcription. In
the canonical pathway of NF-xB signaling, NF-xB is retained in the cytoplasm by its
inhibitor protein 1xB in unstimulated cells and is translocated into the nucleus upon
stimulation. We found that SWCNTS induced a sharp reduction in the level of 1xB protein at
30 min (Figure 5B). Immunofluorescent confocal microscope results indicated that SWCNT
treatment for 16 h induced a strong green fluorescence staining of NF-kB in the nucleus
colocalized with DAPI stained nucleus (Figure 5C). Using a consensus NF-xB DNA-
binding sequence ELISA assay, SWCNTSs at 20 ug/ml for 16 h were shown to induce NF-xB
binding to DNA (Figure 5D). Taken together, these results revealed that SWCNTSs activate
the canonical NF-xB signaling pathway to mediate the induction of proinflammatory
cytokines and chemokines in macrophages.
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Induction of TGF@1 and fibroblast-to-myofibroblast transformation

A common response to many inhaled particles like silica and asbestos is the fibrogenic
reaction that leads to fibrosis or mesothelioma or mesothelioma. We examined whether
SWCNTSs have a fibrogenic effect on lung cells. It has been reported that profibrogenic
growth factors, such as transforming growth factor (TGF) 1, plays an important role in
fibroblast differentiation, type | collagen deposition, and lung fibrosis. We found that the
mMRNA and protein levels of TGFf1 were significantly increased in BEAS-2B (Figures 6A
and 6B) and macrophage (data not shown) cells treated with 20 pg/ml SWCNTSs for 24 h;
the increases were comparable to those treated with IL-1f, a known inducer of TGFp1 [24].

The de novo synthesis of a-smooth muscle actin (a¢SMA) by lung myofibroblasts is a
hallmark of fibroblast-to-myofibroblast transformation that can be induced by profibrogenic
factors released from activated macrophages or epithelial cells through a paracrine
mechanism. Incorporation of aSMA into contractile fibers increases the contractive force of
myofibroblasts to enhance matrix remodeling and scar formation. We analyzed the
expression of aSMA in lung fibroblast cells under the treatment of SWCNTSs. We first
treated macrophages with SWCNTSs (20 ug/ml for 16 h) or LPS (1 pg/ml for 5 h, positive
control). The culture medium free of cells and SWCNTSs was collected and designed as
SWCNT-conditioned medium. W1 38VA-13 cells were then cultured in the SWCNT-
conditioned medium for 24 h. Expression of aSMA was measured by using fluorescent
microscopy with a specific antibody against aSMA. As shown in Figures 6C and D, a
significant increase in the fluorescence intensity of aSMA was observed in fibroblasts
cultured in the SWCNT-conditioned medium, indicating that SWCNTSs stimulated
macrophages to secret soluble profibrogenic factors, such as TGFB1, which in turn function
as paracrines to promote differentiation of the fibroblasts into myofibroblasts.

Discussion

Pulmonary exposure to fibrogenic agents causes damage to the lungs that eventually
progresses into lung fibrosis or mesothelioma [25-28]. Mechanistic studies implicated that
oxidative stress, inflammation, and production of growth factors are three major factors
contributing in lung injury/repair and development of lung fibrosis [29,30]. SWCNTSs are a
newly discovered form of crystalline carbon, which forms cylinders of carbon having a
diameter in the nanometer scale and a variable length [31,32]. Recent research indicated that
carbon nanotubes such as SWCNTSs could penetrate through lung tissues causing damage to
the lungs and inducing lung fibrogenic lesions [8,33,34]. We use cell based molecular model
to address whether SWCNTSs has a fibrogenic effect and the underlining molecular events
involved in the process.

ROS are produced as by-products of cellular respiration in the mitochondria or through
damaging mitochondria by microorganism infection or chemical insults [12]. ROS are also
formed by environmental particles via radicals on the surface or surface bound chemicals
such as quinines that can undergo redox cycling to generate superoxide anions and hydrogen
peroxide [29]. Last but not the least; activated macrophages and neutrophiles can produce
ROS through respiratory burst [35]. Excessive ROS results in oxidative stress that promotes
cell death and activates specific signaling pathways, both have being implicated in the
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pathogenesis of lung fibrosis [12]. We found here that SWCNTSs induced significant ROS
production in bronchial epithelial, alveolar epithelial, fibroblast, and microphage cells. ROS
production correlated with SWCNT-induced cell toxicity. Parallel to ROS production,
SWCNTs treatment for 16 h could induce depolarization of the mitochondrial inner
membrane. Our previous published result of MWCNTS [36] shown the similar toxicity
pattern as SWCNTSs, while the toxicity of SWCNTSs are appeared earlier and more severe
than the MWCNTS. Adding antioxidant, such as NAC and GSH counteract SWCNTSs
induced ROS in cultured cells [37,38]. Fenoglio et al. [22] used a cell-free system to show
that CNTs do not directly generate free radicals. Together, these findings suggest that
mitochondrial damage is likely a common mechanism by which SWCNTSs induce oxidative
stress and cause toxicity to lung cells.

Inhalation of CNTs induces pulmonary inflammation and fibrosis dose dependently in
animals [6,39-41]. In one study, pulmonary fibrosis was observed at 7 days and
granulomatous inflammation persistent throughout 56-day post-exposure period [42]. Pro
inflammatory cytokines were induced in mice treated with MWCNTSs [43,44]. Some studies
indicated that SWCNTSs induced quick interstitial fibrosis with only a transient inflammation
[41]. We showed here that SWCNTSs induced a panel of proinflammatory cytokines/
chemokines including TNFa, IL-1pB, IL-6, IL-10, and MCP1, which are commonly elevated
during lung inflammation and fibrosis. We demonstrated that induction of the inflammatory
mediators by SWCNTSs is mediated through the canonical pathway of NF-xB signaling, as
shown by the evidence that SWCNTSs (1) stimulated the NF-xB response element controlled
transcription of reporter gene; (2) reduced the IxB protein level in the cytoplasm; (3)
increased the nuclear accumulation of the NF-xBp 65 protein; and (4) promoted binding of
NF-xB to NF-xB-binding sequence in DNA.

CNTs appear to potently induce lung interstitial fibrosis and mesothelioma in rodent models
[45]. Myofibroblasts are the primary collagen-producing cells characterized by expression of
aSMA and collagen 1 [46]. Pulmonary mesenchymal (fibroblasts and epithelial cells) can
transform into myofibroblast under certain pathological conditions. Many factors, such as
growth factors TGFB1 and PDGF, and proinflammatory cytokines TNFa and IL-1f,
promote the fibroblast-to-myofibroblast transformation and subsequent matrix synthesis by
myofibroblasts [19,47]. Our study using in vitro cell based model indicates that SWCNTSs
up-regulated TGFp1 expression in lung fibroblast, epithelial cells, and macrophages.
Furthermore, we observed that SWCNT-induced growth factors stimulate the differentiation
of fibroblast into myofibrobast cells, as evidenced by the de novo synthesis of aSMA in the
cells. These results demonstrate that SWCNTSs is a lung inflammation and fibrogenicity
inducers, which could cause lung damage and fibrosis.

Because of the extreme paucity of human data and very limited animal models for CNT
safety evaluation, and of the potential high demand of the new material for the new
economy worldwide, the need for rapid and efficient evaluation of CNT toxicity is apparent.
Our molecular toxicity pathway based in vitro study avoided using large amount of animals,
and provides a simple and quick molecular mechanism based toxicity assessment method,
which can be used for high throughput screening of inflammatory/fibrogenic toxicants, such
as SWCNTSs, in vitro, in the future.
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Abbreviations

CNT Carbon Nanotubes

DHE Dihydroethium

HRTEM High Resolution Transmission Electron Microscopy

LPS Lipopolysaccharide

MWCNTs Multi-Walled Carbon Nanotubes

ROS Reactive Oxygen Species

SMA a Smooth Muscle Actin

SWCNTs Single-Walled Carbon Nanotubes

TEM Transmission Electron Microscopy

TGF Transforming Growth Factor

TMRE Tetramethylrodamine Ester
References

1.

Harris, PJF. Carbon Nanotube Science: synthesis, properties & applications. 2nd. Cambridge
university press; cambridge: 2009.

. Kolosnjaj J, Szwarc H, Moussa F. Toxicity studies of carbon nanotubes. Adv Exp Med Biol. 2007,

620:181-204. [PubMed: 18217344]

. Donaldson K, Aitken R, Tran L, Stone V, Duffin R, et al. Carbon nanotubes: a review of their

properties in relation to pulmonary toxicology and workplace safety. Toxicol Sci. 2006; 92:5-22.
[PubMed: 16484287]

. Approaches to safe nanotechnology: Managing the Health and Safety Concerns Associated with

Engineered Nanomaterials. NIOSH Publications; 2009. p. 2009-125.

. Davoren M, Herzog E, Casey A, Cottineau B, Chambers G, et al. In vitro toxicity evaluation of

single walled carbon nanotubes on human A549 lung cells. Toxicol In Vitro. 2007; 21:438-448.
[PubMed: 17125965]

. Porter DW, Hubbs AF, Mercer RR, Wu N, Wolfarth MG, et al. Mouse pulmonary dose- and time

course-responses induced by exposure to multi-walled carbon nanotubes. Toxicology. 2010;
269:136-147. [PubMed: 19857541]

. Shvedova AA, Kisin ER, Mercer R, Murray AR, Johnson VJ, et al. Unusual inflammatory and

fibrogenic pulmonary responses to single-walled carbon nanotubes in mice. Am J Physiol Lung Cell
Mol Physiol. 2005; 289:L.698-L708. [PubMed: 15951334]

. Mangum JB, Turpin EA, Antao-Menezes A, Cesta MF, Bermudez E, et al. Single-walled carbon

nanotube (SWCNT)-induced interstitial fibrosis in the lungs of rats is associated with increased
levels of PDGF mRNA and the formation of unique intercellular carbon structures that bridge
alveolar macrophages in situ. Part Fibre Toxicol. 2006; 3:15. [PubMed: 17134509]

. Ryman-Rasmussen JP, Cesta MF, Brody AR, Shipley-Phillips JK, Everitt JI, et al. Inhaled carbon

nanotubes reach the subpleural tissue in mice. Nat Nanotechnol. 2009; 4:747-751. [PubMed:
19893520]

J Clin Toxicol. Author manuscript; available in PMC 2015 December 21.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Heetal.

Page 12

10. Mercer RR, Hubbs AF, Scabilloni JF, Wang L, Battelli LA, et al. Pulmonary fibrotic response to
aspiration of multi-walled carbon nanotubes. Part Fibre Toxicol. 2011; 8:21. [PubMed: 21781304]

11. Porter AE, Gass M, Muller K, Skepper JN, Midgley PA, et al. Direct imaging of single-walled
carbon nanotubes in cells. Nat Nanotechnol. 2007; 2:713-717. [PubMed: 18654411]

12. Ma Q. Transcriptional responses to oxidative stress: pathological and toxicological implications.
Pharmacol Ther. 2010; 125:376-393. [PubMed: 19945483]

13. Barnes PJ, Karin M. Nuclear factor-kappaB: a pivotal transcription factor in chronic inflammatory
diseases. N Engl J Med. 1997; 336:1066-1071. [PubMed: 9091804]

14. Karin M. NF-kappaB as a critical link between inflammation and cancer. Cold Spring Harb
Perspect Biol. 2009; 1:a000141. [PubMed: 20066113]

15. Oeckinghaus A, Ghosh S. The NF-kappaB family of transcription factors and its regulation. Cold
Spring Harb Perspect Biol. 2009; 1:a000034. [PubMed: 20066092]

16. Ward PA, Hunninghake GW. Lung inflammation and fibrosis. Am J Respir Crit Care Med. 1998;
157:5123-S129. [PubMed: 9563771]

17. Martin MM, Buckenberger JA, Jiang J, Malana GE, Knoell DL, et al. TGF-betal stimulates human
AT1 receptor expression in lung fibroblasts by cross talk between the Smad, p38 MAPK, JNK,
and PI13K signaling pathways. Am J Physiol Lung Cell Mol Physiol. 2007; 293:L790-L799.
[PubMed: 17601799]

18. Khalil N, O’Connor RN, Unruh HW, Warren PW, Flanders KC, et al. Increased production and
immunohistochemical localization of transforming growth factor-beta in idiopathic pulmonary
fibrosis. Am J Respir Cell Mol Biol. 1991; 5:155-162. [PubMed: 1892646]

19. Zhang HY, Gharaee-Kermani M, Zhang K, Karmiol S, Phan SH. Lung fibroblast alpha-smooth
muscle actin expression and contractile phenotype in bleomycin-induced pulmonary fibrosis. AmJ
Pathol. 1996; 148:527-537. [PubMed: 8579115]

20. Ma Q, Kinneer K, Ye J, Chen BJ. Inhibition of nuclear factor kappaB by phenolic antioxidants:
interplay between antioxidant signaling and inflammatory cytokine expression. Mol Pharmacol.
2003; 64:211-219. [PubMed: 12869625]

21. Porter D, Sriram K, Wolfarth M, Jefferson A, Schwegler-Berry D, et al. A biocompatible medium
for nanoparticle dispersion. Nanotoxicology. 2008; 2:144-154.

22. Fenoglio I, Tomatis M, Lison D, Muller J, Fonseca A, et al. Reactivity of carbon nanotubes: free
radical generation or scavenging activity? Free Radic Biol Med. 2006; 40:1227-1233. [PubMed:
16545691]

23. Liu W, Ernst JD, Broaddus VC. Phagocytosis of crocidolite asbestos induces oxidative stress,
DNA damage, and apoptosis in mesothelial cells. Am J Respir Cell Mol Biol. 2000; 23:371-378.
[PubMed: 10970829]

24. Lee KY, Ito K, Hayashi R, Jazrawi EP, Barnes PJ, et al. NF-kappaB and activator protein 1
response elements and the role of histone modifications in IL-1beta-induced TGF-betal gene
transcription. J Immunol. 2006; 176:603-615. [PubMed: 16365456]

25. O’Reilly KM, McLaughlin AM, Beckett WS, Sime PJ. Asbestos-related lung disease. Am Fam
Physician. 2007; 75:683-688. [PubMed: 17375514]

26. Becklake MR, Case BW. Fiber burden and asbestos-related lung disease: determinants of dose-
response relationships. Am J Respir Crit Care Med. 1994; 150:1488-1492. [PubMed: 7952604]

27. Castranova V, Vallyathan V. Silicosis and coal workers’ pneumoconiosis. Environ Health
Perspect. 2000; 4:675-684. [PubMed: 10931786]

28. Wu M, Gordon RE, Herbert R, Padilla M, Moline J, et al. Case report: Lung disease in World
Trade Center responders exposed to dust and smoke: carbon nanotubes found in the lungs of
World Trade Center patients and dust samples. Environ Health Perspect. 2010; 118:499-504.
[PubMed: 20368128]

29. Shi X, Castranova V, Halliwell B, Vallyathan V. Reactive oxygen species and silica-induced
carcinogenesis. J Toxicol Environ Health B Crit Rev. 1998; 1:181-197. [PubMed: 9644327]

30. Pociask DA, Sime PJ, Brody AR. Asbestos-derived reactive oxygen species activate TGF-betal.
Lab Invest. 2004; 84:1013-1023. [PubMed: 15122306]

31. lijima S, Ichihashi T. Single-Shell Carbon Nanotubes of 1-Nm Diameter. Nature. 1993; 363:603—
605.

J Clin Toxicol. Author manuscript; available in PMC 2015 December 21.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

He et al. Page 13

32. Dekker C. Carbon nanotubes as molecular quantum wires. Phys Today. 1999; 52:22-28.

33. Pacurari M, Castranova V, Vallyathan V. Single- and multi-wall carbon nanotubes versus ashestos:
are the carbon nanotubes a new health risk to humans? J Toxicol Environ Health A. 2010; 73:378-
395. [PubMed: 20155580]

34. Wang L, Mercer RR, Rojanasakul Y, Qiu A, Lu Y, et al. Direct fibrogenic effects of dispersed
single-walled carbon nanotubes on human lung fibroblasts. J Toxicol Environ Health A. 2010;
73:410-422. [PubMed: 20155582]

35. Stowe DF, Camara AK. Mitochondrial reactive oxygen species production in excitable cells:
modulators of mitochondrial and cell function. Antioxid Redox Signal. 2009; 11:1373-1414.
[PubMed: 19187004]

36. He X, Young SH, Schwegler-Berry D, Chisholm WP, Fernback JE, et al. Multiwalled carbon
nanotubes induce a fibrogenic response by stimulating reactive oxygen species production,
activating NF-xB signaling, and promoting fibroblast-to-myofibroblast transformation. Chem Res
Toxicol. 2011; 24:2237-2248. [PubMed: 22081859]

37. Sarkar S, Sharma C, Yog R, Periakaruppan A, Jejelowo O, et al. Analysis of stress responsive
genes induced by single-walled carbon nanotubes in BJ foreskin cells. J Nanosci Nanotechnol.
2007; 7:584-592. [PubMed: 17450800]

38. Sharma CS, Sarkar S, Periyakaruppan A, Barr J, Wise K, et al. Single-walled carbon nanotube
induces oxidative stress in rat lung epithelial cells. J Nanosci Nanotechnol. 2007; 7:2466—2472.
[PubMed: 17663266]

39. Hubbs AF, Mercer RR, Benkovic SA, Harkema J, Sriram K, et al. Nanotoxicology--a pathologist’s
perspective. Toxicol Pathol. 2011; 39:301-324. [PubMed: 21422259]

40. Ma-Hock L, Treumann S, Strauss V, Brill S, Luizi F, et al. Inhalation toxicity of multiwall carbon
nanotubes in rats exposed for 3 months. Toxicol Sci. 2009; 112:468-481. [PubMed: 19584127]

41. Shvedova AA, Kisin E, Murray AR, Johnson VJ, Gorelik O, et al. Inhalation vs. aspiration of
single-walled carbon nanotubes in C57BL/6 mice: inflammation, fibrosis, oxidative stress, and
mutagenesis. Am J Physiol Lung Cell Mol Physiol. 2008; 295:L552-L565. [PubMed: 18658273]

42. Lam CW, James JT, McCluskey R, Hunter RL. Pulmonary toxicity of single-wall carbon
nanotubes in mice 7 and 90 days after intratracheal instillation. Toxicol Sci. 2004; 77:126-134.
[PubMed: 14514958]

43. Park EJ, Cho WS, Jeong J, Yi J, Choi K, et al. Pro-inflammatory and potential allergic responses
resulting from B cell activation in mice treated with multi-walled carbon nanotubes by
intratracheal instillation. Toxicology. 2009; 259:113-121. [PubMed: 19428951]

44, Poland CA, Duffin R, Kinloch I, Maynard A, Wallace WA, et al. Carbon nanotubes introduced
into the abdominal cavity of mice show ashestos-like pathogenicity in a pilot study. Nat
Nanotechnol. 2008; 3:423-428. [PubMed: 18654567]

45. Takagi A, Hirose A, Nishimura T, Fukumori N, Ogata A, et al. Induction of mesothelioma in
p53+/— mouse by intraperitoneal application of multi-wall carbon nanotube. J Toxicol Sci. 2008;
33:105-116. [PubMed: 18303189]

46. Zhang K, Rekhter MD, Gordon D, Phan SH. Myofibroblasts and their role in lung collagen gene
expression during pulmonary fibrosis. A combined immunohistochemical and in situ hybridization
study. Am J Pathol. 1994; 145:114-125. [PubMed: 7518191]

47. Desmouliere A, Geinoz A, Gabbiani F, Gabbiani G. Transforming growth factor-beta 1 induces
alpha-smooth muscle actin expression in granulation tissue myofibroblasts and in quiescent and
growing cultured fibroblasts. J Cell Biol. 1993; 122:103-111. [PubMed: 8314838]

J Clin Toxicol. Author manuscript; available in PMC 2015 December 21.



1duosnuepy soyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuep Joyiny

Heetal.

Page 14

Figure 1. High-resolution transmission electron micrograph of SWCNTs
A representative crystalline structure of a bundle of SWCNT from HRTEM. Arrow shows

the distinctive single-walled nanotubes structure (two tubes bound together with each
diameter about 2 nm).
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Figure 2. Cytotoxicity and ROS production in human lung cells
Cytotoxicity, BEAS-2B, WI-38-VA13, and A549 cells were cultured in 96-well plates and
treated with SWCNTSs from 0 to 200 pg/ml for 1 to 6 days. Cell proliferation/cell death was
detected with CellTiter 96 Aqueous One Solution Cell Proliferation Assay regents. Data
represent means + SD from three samples. D. ROS production. A549, BEAS-2B, WI38-
VAL3 cells were cultured in 8-well chamber slides and treated with 20 ug/ml SWCNTs for
16 h. The ROS detection fluorescence probe DHE was added 30 min prior to the end of

treatment. The nucleus was stained with DAPI. Image was taken using a confocal
fluorescence microscope.
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Figure 3. Effect on mitochondrial inner membrane potential
Cells were treated with SWCNTSs for 16 h. Mitochondrial potential damage was detected

with TMRE or Mitotrack deep red 633 using confocal microscopy (A) or flow cytometry (B
& C). Data represent means = SD from three samples. ** p<0.01.
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Figure 4. Induction of cytokinesand chemokines
Macrophage RAW 264.7 cells were treated with SWCNTSs at 0, 2 and 20 ug/ml for 16 h.

LPS at 1 pg/ml for 5 h was used as a positive control. The cell-free culture medium was
collected and cytokines and chemokines were detected by flow cytometry using mouse
cytometric bead array and Flex beads. Data represent mean + SD. * p< 0.05, ** p<0.01.
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Figure5. Activation of NF-kB signaling
A. NF-xB-binding site/Luc reporter expression. Macrophage stably transfected with 5xNF-

kB —binding site/ luciferase reporter were treated with SWCNTSs for 16 h. Luciferase
activity from cell lysates was measured. Data represent means + SD from three samples. **,
p<0.01. B. 1xB degradation. Macrophage cells were treated with SWCNTSs at 20 pg/ml for
30, 60, and 120 min. LPS (1 pug/ml) was used positive control. Cell lysate was
immunoblotted with an anti-1xB antibody. Actin was used as a loading control. C.
Fluorescent microscopy of nuclear NF-xB. Cells cultured in 8-well chamber slides were
treated with LPS at 1 pug/ml for 5 h or with SWCNT at 20 pug/ml for 16 h. Cells were stained
with an anti-NF-xBp65 antibody, followed by Alexia 488-conjugated second antibody.
Image was taken under a confocal microscope. D. Binding of NF-xB to DNA. Cells were
treated with LPS at 1 pug/ml for 5 h or SWCNTSs at 20 pg/ml for 16 h. Binding of NF-xB to
NF-xB-binding element was measured using nuclear extracts and the NF-xB p65 ELISA
assay kit. NSB, non-specific binding **, p<0.01.
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Figure®6.
Induction of fibrotic reaction. A & B Induction of TGFB1 expression. BEAS-2B cells were

treated with SWCNTSs at 20 ug/ml or IL-1 at 5 ng/ml for 24 h. Real-time PCR for TGF3
mRNA (A) or immunoblotting for TGFp protein (B) was performed. (C) Paracrine induction
of aSMA. Macrophages were treated with SWCNTSs (20 pg/ml, 16 h) or LPS (1 pg/ml, 5 h).
The culture medium free of cells and SWCNTSs were collected as the SWCNT-conditioned
medium. WI38-VA13 cells were then cultured in the SWCNT-conditioned medium in 8-
well chamber slides for 24 h. Expression of aSMA was detected by immunofluorescent
staining of the cells with an anti-aSMA antibody followed by an alexia-488 conjugated
second antibody. The nucleus was stained with DAPI. Cell images were taken under a Zeiss
LSM510 confocal microscope. (D) Quantitative data of C from 5 separate fields.
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